Iron is a scarce but essential micronutrient in the oceans that limits primary productivity in many regions of the surface ocean. The mechanisms and rates of Fe supply to the ocean interior are still poorly understood and quantified. Iron isotope ratios of different Fe pools can potentially be used to trace sources and sinks of the global Fe biogeochemical cycle if these boundary fluxes have distinct signatures. Seafloor hydrothermal vents emit metal rich fluids from mid-ocean ridges into the deep ocean. Iron isotope ratios have the potential to be used to trace the input of hydrothermal dissolved iron to the oceans if the local controls on the fractionation of Fe isotopes during plume dispersal in the deep ocean are understood. In this study we assess the behaviour of Fe isotopes in a Southern Ocean hydrothermal plume using a sampling program of Total Dissolvable Fe (TDFe), and dissolved Fe (dFe). We demonstrate that d
INTRODUCTION
Iron (Fe) is a key micronutrient that often limits primary productivity in high nutrient low chlorophyll zones of the surface ocean and therefore has an indirect influence on the biological carbon pump (Martin, 1990) . For this reason it is important to understand the biogeochemical cycle of Fe in the marine environment. Iron exhibits very low solubility in seawater and hence is only present in pico-to nano-molar concentrations. A consequence of this is that Fe is a limiting nutrient in areas where other key nutrients are abundant, such as the Southern Ocean (Moore et al., 2013) .
In contrast, the Fe content of hydrothermal vent fluids is in the lM to mM range (Elderfield and Schultz, 1996) . The recent basin-scale sampling of the GEOTRACES program highlighted areas of increased dissolved Fe (dFe) concentration (>1 nM) extending for thousands of km away from mid-ocean ridges (Nishioka et al., 2013; Conway and John, 2014; Fitzsimmons et al., 2014; Resing et al., 2015) . Hydrothermal vents had long been considered to have a negligible impact on ocean dFe due to extensive Fe mineral precipitation in the stock work, chimney features and hydrothermal plume (Elderfield and Schultz, 1996) . On the other hand recent work suggests that 4-7.5% of hydrothermal Fe may be prevented from precipitating as Fe minerals by complexation with organic ligands (Bennett et al., 2008; Hawkes et al., 2013; Kleint et al., 2016) . The distributions of dFe observed in the deep ocean are better reproduced in models by including a relatively significant flux of hydrothermal Fe to the deep ocean (Tagliabue, 2010) . These observations suggest that hydrothermal vents represent an important and previously overlooked source of dFe to the oceans.
Fe in hydrothermal systems
As seawater circulates through the crust and undergoes alteration, Fe is leached from host rocks and the sea water becomes enriched with Fe contents of 2-24,000 lM (Mottl and McConachy, 1990; German and Von Damm, 2004) . The hot hydrothermal fluid rises up through the crust and vents at the sea floor. The vent fluid mixes with the oxic deep water and rises up through the water column under its own buoyancy. The plume becomes neutrally buoyant once it is diluted 8,000-10,000 times and the plume density equals that of the surrounding seawater (McDuff, 1995) .
In initial studies of mid-ocean ridge axial high temperature, and diffuse low temperature, hydrothermal sites it was estimated that the gross flux of Fe to the ocean was 2.3-19 Â 10 10 mol y
À1
, approximately equal in size to the estimated flux from rivers of 2.3 Â 10 10 mol y À1 (Elderfield and Schultz, 1996) . The net input of hydrothermal Fe to deep waters, however, was considered to be negligible due to Fe oxide and Fe sulphide mineral precipitation close to the vents (Elderfield and Schultz, 1996; Mottl and McConachy, 1990) .
Where substantial sulphide exists relative to Fe in the vent fluid (low Fe/H 2 S), Fe sulphides precipitate as the buoyant fluids cool and mix with seawater. During this buoyant plume rise dFe remaining in the plume undergoes further mixing with entrained oxic seawater and Fe(II) is oxidised to form Fe(III)-bearing oxyhydroxide precipitates (Mottl and McConachy, 1990) . On the other hand, where low sulphide concentrations exist in the vent fluid (high Fe/H 2 S), such as in ultramafic geological settings, there is little Fe sulphide formation and Fe precipitates principally as Fe oxyhydroxides (Douville et al., 2002) . The end member vent fluid Fe/H 2 S is therefore responsible for dictating the extent that Fe precipitates as Fe-sulphides in plumes emanating from vents with different geological settings.
The rate that Fe(II) is oxidised to Fe(III) is an important control on particulate Fe oxyhydroxide formation and hence the concentration of dFe in the hydrothermal plume. The pseudo first order oxidation half-life of Fe(II) varies with changes in oxygen and pH between deep ocean basins from 2.1 min in the relatively oxygenated high pH Atlantic to 6 h in the lower oxygen levels and lower pH observed in the Pacific (Millero et al., 1987; Field and Sherrell, 2000) . Therefore the balance between the precipitation of hydrothermal dFe as Fe-oxyhydroxides and Fe-sulphides in plumes is controlled by regional variations in Fe(II) oxidation rate and geological variations in Fe/H 2 S of vent fluids.
Adsorption onto particulates and uptake by microorganisms will also remove dFe from the plume to ocean sediments (Toner et al., 2009; Li et al., 2014; German et al., 2015) . The influence of these processes on plume dFe concentrations is yet to be quantified but is likely to be negligible in comparison to dFe removal by Fe sulphide and Fe oxyhydroxide formation (Rouxel et al., 2016) .
Iron sulphide minerals have been identified as colloidal constituents within the dissolved phase of some vent fluids (Yucel et al., 2011; Sands et al., 2012) , while in other studies, the complexation of Fe with dissolved organic ligands has also been reported in hydrothermal plumes (Bennett et al., 2008; Hawkes et al., 2013; Kleint et al., 2016) . In many cases, Fe-rich colloids are seen to be transported many hundreds to thousands of kilometres from their hydrothermal source (Klunder et al., 2011 (Klunder et al., , 2012 Wu et al., 2011a; Nishioka et al., 2013; Fitzsimmons et al., 2014; Resing et al., 2015) .
Fe isotopes in hydrothermal vents and plumes
Natural variations in stable iron isotope compositions are caused by biological and abiotic redox processes with either kinetic or equilibrium fractionation effects (Welch et al., 2003; Johnson et al., 2004; Anbar et al., 2005) . If hydrothermal sources of dFe to the ocean have a distinct d 56 Fe signature, they could be used to constrain isotope mass-balance quantifications of Fe sources to the ocean (Conway and John, 2014) or help to reconstruct past oceanic Fe cycles (Horner et al., 2015) . However, this utility requires a fully resolved knowledge of the biogeochemical processes that fractionate Fe isotopes as they transition between hydrothermal vents and the open ocean. Furthermore, understanding the fractionation of Fe isotopes in hydrothermal plumes is key to constraining how regional differences in vent and ocean chemistry alter the signature of hydrothermal d 56 Fe fluxes into different ocean basins. The Fe isotope composition of hydrothermal vent fluids is not uniform and several studies report a range from À0.69 ± 0.16‰ to À0.13 ± 0.06‰ (2 SD) (Sharma et al., 2001; Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009) . So far, the fractionation of Fe isotopes in hydrothermal plume particles has been examined in detail by three studies (Severmann et al., 2004; Bennett et al., 2009; Rouxel et al., 2016) and as part of basin scale studies (Conway and John, 2014; Revels et al., 2015) . In all cases, the particulate Fe (pFe) fraction (>0.4 lm) collected on filters was measured and showed that the Fe isotope composition of dFe from the vent source is likely to be modified in the hydrothermal plume by precipitation of Fe oxyhydroxide and/or Fe sulphide mineral particles (Severmann et al., 2004; Bennett et al., 2009; Rouxel et al., 2016) . All the work done so far measuring hydrothermal d 56 pFe indicates that FeS 2 particles are isotopically light and Fe-oxyhydroxides are isotopically heavy relative to vent fluids. This is coherent with experimental studies that show kinetic isotope fractionation of light Fe isotopes with Fe-sulphide (Butler et al., 2005) precipitation and equilibrium fractionation between Fe (II) and Fe (III) enriching Fe oxyhydroxides in heavier isotopes (Bullen et al., 2001 (Douville et al., 2002) . Consequently, they precipitate almost exclusively as Fe oxyhydroxides in the plume, with no more than 4% of Fe forming sulphide minerals (Severmann et al., 2004) . Therefore the Fe isotope signature of the vent fluid is preserved in the NBP by the near quantitative conversion of vent fluid Fe to Fe oxyhydroxide particles, and the isotopically heavy buoyant plume particles result from partial oxidation of vent fluid Fe(II) (Severmann et al., 2004 ). The high Fe/H 2 S ratio at Rainbow makes this site unusual in comparison to the more widespread basalt hosted hydrothermal vents, where vent fluids have more sulphide relative to Fe, and as much as half of Fe from the vent fluid may form Fe sulphide minerals (Rudnicki and Elderfield, 1993) . Bennett et al. (2009) sampled buoyant plume particles and vent fluids from basalt-hosted hydrothermal vents in the South Atlantic and revealed contrasting results to Severmann et al. (2004) . Particles in the buoyant plume appeared isotopically lighter (À0.31 ± 0.06‰ to À0.70 ± 0.14‰, 2SD) than the vent fluids (À0.29 ± 0.05‰, 2SD), which the authors attributed to the influence of Fe sulphide precipitation. This is in agreement with recent work on particles settling out of plumes over the East Pacific Rise where a narrow range of d 56 pFe values were observed (À0.43 ± 0.08‰ to À0.68 ± 0.03‰, 2SD) with 42-86% of the Fe was FeS 2 (Rouxel et al., 2016) . Using isotope mass-balance, both Bennett et al. (2009) and Rouxel et al. (2016) reasoned the dissolved Fe fraction of the hydrothermal plume would be isotopically heavier than the vent fluid, but its isotope composition was never measured. Given that a large fraction of vent fluid Fe precipitates as Fe sulphide and Fe oxyhydroxide mineral particles the balance between these two processes in hydrothermal plumes will dictate d 56 dFe along with any fractionation from particle adsorption, ligand stabilisation of dFe and the presence of nanoparticles.
The aim of this study is to determine the effective isotope composition of dissolved Fe that is dispersed into the deepocean interior from a hydrothermal vent source, and to resolve the mechanisms responsible for isotope fractionation between dissolved and particulate phases during plume mixing and dispersal. Samples were collected from a hydrothermal site in the East Scotia Sea to determine the concentrations of Fe and Mn in the Total Dissolvable (TD), dissolved (d) and particulate (p) size fractions as well as the Fe isotope composition of TDFe and dFe. We provide new constraints on the nature of plume particle interactions and the impact on the deep ocean, which have implications for Fe isotopic mass-balance studies of the present and past oceans.
MATERIALS AND METHODS

Study areas
The East Scotia Ridge (ESR) is located in the Southern Ocean sector of the South Atlantic, southeast of South Georgia and west of the South Sandwich Island Arc (Fig. 1) . The ESR separates the Scotia Plate and Sandwich Plate and is a back arc spreading centre. Spreading at the ESR has been occurring for a minimum of 9 Ma and currently proceeds at an intermediate rate of 65-70 mm yr À1 (Bruguier and Livermore, 2001 ). The ridge is split into nine spreading segments, E1-E9. The E2 and E9 segments are topographically distinct from the E3-E8 segments and evidence from seismic reflection shows that E2 and E9 are or have been in the past underlain by axial magma chambers (Bruguier and Livermore, 2001) . Hydrothermal plume signals indicative of seafloor hydrothermal venting were initially detected over the E2 segment in 1999 (German et al., 2000) . High temperature black smoker chimneys have now been observed and sampled at E2 where the plume signals were first observed (Rogers et al., 2012) .
The E2 site is located at 56.089°S, 30.317°W (Fig. 1 ). Buoyant plume (BP) and vent fluid samples were collected at the Dog's Head site located at a water depth of 2600 m. Dog's Head is a group of three 10 m tall chimneys spaced 1-2 m apart, actively venting hydrothermal fluids at temperatures up to 351°C, which form the characteristic ''black smoke" upon mixing with seawater (Rogers et al., 2012; James et al., 2014) . Cooler water from depth is entrained up to the height of neutral buoyancy ($2360 mbsl) in the Scotia Sea (German et al., 2000) . Deep waters at this site are Weddell Sea Deep Water partially mixed with Lower Circumpolar Deep water (Naveira Garabato et al., 2002; Hawkes et al., 2013) . With no local topographic features to confine the plume, the direction of plume dispersal is controlled by ambient deep water currents (German et al., 2000; Walter et al., 2000; Hawkes et al., 2013) , which at the time of sampling transported the plume in an easterly direction.
Hydrothermal plume detection and sampling
Seawater samples from the BP were collected, filtered and acidified on the RRS James Cook during expedition JC080 in 2012. Samples were analysed for trace metal concentrations and Fe isotopes at the National Oceanography Centre in Southampton. The pH and oxygen concentration of several samples were measured on board the ship.
Detection and sampling of the hydrothermal plumes was conducted using a Seabird +911 conductivity, temperature and depth (CTD) profiler system that was attached to a titanium frame that holds 24 externally sprung 10 litre OTE (Ocean Test Equipment) water sampling bottles. These bottles were cleaned at the start of the cruise by filling each bottle with freshwater and an aliquot of HCl. The Niskin bottles are Teflon lined with Teflon taps and nonmetallic parts to prevent any contamination during sampling of waters with low concentrations of trace metals. A light scattering sensor (LSS), Eh detector and Stand Alone Pumping System (SAPS) were also mounted on the titanium frame.
The hydrothermal plume was located using the CTD profiler, LSS and Eh detectors to look for deviations in temperature, particulates, and Eh from background seawater. The buoyant part of the hydrothermal plume (BP) was identified by negative Eh anomalies and positive temperature and LSS anomalies. The NBP was detected by positive LSS anomalies and negative Eh and temperature anomalies. These anomalies were evidenced by relative changes in sensor signals in real time whilst towing the CTD rosette across the vent field and simultaneously profiling the watercolumn (so-termed 'tow-yoing').
During JC80 vent fluid samples were taken from the chimney orifices using the Remotely Operated Vehicle (ROV) Isis manipulating a set of titanium syringes (Von Damm et al., 1985) with a temperature probe attached. The probe was aligned with the snorkel of the syringe for simultaneously measuring fluid temperature during sampling. The temperature probe measured temperatures of 320-343°C during sampling of Dog's Head vents. Vents were sampled at the end of dives to minimise the time between sampling and recovery on deck. This was in order to avoid precipitation of particles within the vent fluid sample during recovery. Six 1.2 L Niskin bottles were attached to the Isis for sampling the buoyant plume. Isis was manoeuvred until the black smoke from the vent was observed flowing through the bottles on a camera pointed at the Niskin rosette. Once the black smoke was observed the temperature was recorded using the CTD on Isis and the bottles were closed.
Sample filtration and preservation
All bottles used for sampling were low-density polyethylene (LDPE) and pre-cleaned using the following procedure: 2 days soaked in 2% Decon 90; rinsed 3 times with deionised water (Milli-Q, Millipore, >18.2 MX cm); 1 week soaked in 6 M HCl; rinsed 3 times with deionised water; 1 week soaked in 8 M HNO 3 ; transferred to Class 1000 clean laboratory and rinsed 3 times with deionised water; filled with 0.015 M Teflon distilled HNO 3 . Concentrated Teflon-distilled acids were prepared using a Picotrace 'Cupola' sub-boiling (S.B) system. Filters, Teflon filter housings and sampling tubes were soaked in 1.6 M HNO 3 for at least 5 days before being moved to a bath of deionised water where they were stored until required. Filter housings used for samples from the 1.2 L Niskin bottles on Isis were cleaned in a separate 1.6 M HNO 3 bath and rinsed 3 times with deionised water prior to use.
Before sub-sampling, Niskin bottles were shaken to homogenize fluid and particles. Samples were transferred from the Niskin bottles under 0.5 bar of pressure using oxygen free nitrogen. collect the dissolved metal size fraction for trace metal analysis. Clean sample bottles were rinsed 3 times with deionised water then rinsed with an aliquot of sample water before filling.
Vent fluid samples were transferred and filtered (0.2 lm, Whatman) directly from titanium syringes (Von Damm et al., 1985) to pre-cleaned LDPE bottles for trace metal analysis.
All samples for trace metal analysis were acidified at the end of the cruise using 1 ll of ultra-pure conc. HNO 3 (ROMIL UpA) per 1 ml of sample to achieve a pH < 2, and stored for a minimum of 6 months prior to analysis. This was in order to allow any Fe present as particulates to dissolve in unfiltered TD samples. A comparison of pFe calculated from the difference between TDFe and dFe to the pFe concentration obtained from acid digestion of filters (see next section) showed that TDFe-dFe can account for 99 ± 38% (n = 15) of pFe concentrations. Covariance of TDFe with REE that adsorb to Feoxyhydroxides shows that acidifying with HNO 3 likely dissolves Fe-oxyhydroxides (Lemaitre et al., 2014) . The significant difference in Fe concentration between vent samples acidified with HCl and HNO 3 has also been used to infer the presence of FeS 2 nanoparticles (Gartman et al., 2014) , which is evidence that at-least partial dissolution of FeS 2 is achieved by acidifying with HNO 3 . Therefore our TDFe samples are reasoned to reflect all dFe, the majority of Fe oxyhydroxides, Fe sulphides and biogenic Fe along with any Fe adsorbed to particles, be they lithogenic, authigenic or biogenic.
Determination of trace metal concentrations in plume samples
Concentration measurements of dissolved and Total Dissolvable metals followed a three step procedure: (1) diluting samples to evaluate the range of concentrations sampled, (2) identifying any samples from step (1) with concentrations below the limit of detection (l.o.d) or with a high blank contribution for pre-concentration and reanalysis, (3) repeat analyses of Fe concentration by isotope dilution -a useful by-product of Fe isotope analyses by double spike (Lacan et al., 2010; Conway et al., 2013) .
Initially samples were diluted 21-fold in 1 M S.B. HNO 3 . Several samples were doped with a Mn and Fe standard to determine concentrations by standard addition. Dilute sample-spike solutions were analysed using an Element 2 (Thermo Scientific) Inductively Coupled Plasma-Mass Spectrometer (ICP-MS). Procedural blanks for Fe and Mn calculated from the analysis of 1 M S.B. HNO 3 were 1 and 0.2 nmol kg À1 respectively, with corresponding instrument limits of detection (3r of blanks, n = 15) of 0.5 and 0.2 nmol kg À1 . Two reference materials were analysed to assess accuracy. The measured Fe and Mn content of Canada) (Milne et al., 2010; Biller and Bruland, 2012 ) onto a chelating resin that uses carboxymethylated pentaethylenehexamine (CM-PEHA resin) (Kagaya et al., 2009 ). Fe concentrations determined for CASS-4 (11.1 ± 0.5 nmol kg À1 , n = 3) and NASS-6 (9.0 ± 0.7 nmol kg À1 , n = 6) had excellent agreement with their certified values (12 ± 1 nmol kg À1 and 8.6 ± 0.8 nmol kg À1 , respectively), with a corresponding Fe blank of 0.2 nmol kg À1 and limit of detection (3r of blanks, n = 6) of 0.1 nmol kg À1 . Initial ICP-MS determinations of TDFe and dFe in diluted and pre-concentrated samples were used to estimate the volume required for $200 ng of Fe used in the isotope analysis described below. The reported sample concentrations of dFe and TDFe were determined by isotope dilution using Multi-Collector (MC) ICP-MS, as has been used elsewhere (Lacan et al., 2010; Conway and John, 2014) . For accurate determination of concentrations, the double spike Fe isotope composition was calibrated by inverse deconvolution of a 3.6 lmol kg À1 spike-reference material (IRMM 14) mix with Fe concentration determined by inverse isotope dilution of a spike-certified Fe standard mix (Inorganic Ventures) of known concentration with a relative standard deviation (RSD) of ±0.3%. The maximum RSD on repeat Fe measurements by double spike MC-ICP-MS was ±0.1% (n = 2), and is an improvement on the precision of Fe concentrations initially measured by ICP-MS where the RSD was up to ±6% (n = 17). The accuracy of Fe measurements by MC-ICP-MS was assessed by intercomparison with the previous measurements by ICP-MS and all values agreed within 11% (n = 38). Subsequently Fe concentration data reported herein were determined by MC-ICP-MS because it provides sufficient accuracy with the best precision available. All sample and spike volumes were weighed on a balance with repeatability down to 0.001 g and we therefore assume that the weighing error is insignificant relative to the instrument error.
Particles collected from 0.6 to 3 L of sample passed through 0.2 lm filters were dissolved in concentrated nitric acid at 150°C for 3 days following the method of German et al. (1991) . Dissolution efficiency was assessed using the RTS-1 sulphide ore mill tailings reference material. This reference material was deemed the most likely to have similar Fe mineralogy to hydrothermal plume particles in comparison to other reference materials. Recoveries of Fe, Zn and Cu from a weighed amount of RTS-1 were 94 ± 2%, 126 ± 9% and 110 ± 10%. Particles collected on SAPS filters were also characterised using scanning electron microscope energy dispersive X-ray (SEM-EDX) as described in the Supplementary Information.
Concentrations of dCu, dZn, dV, and dMg in the vent fluid samples were measured by dilution in 0.3 M S.B. HNO 3 and analysis on a X-Series 2 quadrupole ICP-MS (Thermo Scientific). Vent fluid concentrations of dFe and dMn were diluted in the same way but measured by ICP Atomic Emission Spectroscopy (AES) (Thermo Scientific iCAP 6000 Plus Series). The concentration of chloride in the vent fluids was measured by ion chromatography (IC; Dionex ICS2500).
Oxygen concentration and alkalinity were measured at sea as soon as possible after sampling. Oxygen was measured using the Winkler Titration (Hansen, 2007) with a standardised iodate solution (1.667 mM) (OSIL) and alkalinity by the Gran titration method (Kaeding, 1973) .
Fe isotope analysis
The iron isotope composition of samples was determined using a 57 Fe and 58 Fe double spike method adapted from Lacan et al. (2010) . All sample handling was carried out under laminar flow hoods, set within a Class 1000 clean laboratory to minimise the potential for airborne sample contamination.
Initial matrix removal and pre-concentration of spiked samples was carried out using nitriloacetic acid (NTA Superflow, Quiagen) resin packed into a $5 cm 3 volume of a 12 cm long handmade column constructed from Perfluoroalkoxy alkane (PFA) tubing with the resin retained by Teflon frits with 20 lm pores. Samples were prepared by acidifying to a pH between 1.7 and 1.8 several days before adding the double spike in equi-molar concentration to the sample. After adding the double spike, 1 ll of 0.1 M H 2 O 2 (Upa ROMIL) was added per 1 ml of sample 1 h prior to loading the sample onto the NTA columns. Prior to sample loading, NTA columns were cleaned using 75 ml 1.5 M S.B. HCl and 80 ml de-ionised water (18.2 MO cm, Milli-Q) checking that the pH was neutral after the de-ionised water rinse. Samples were loaded onto the columns and rinsed with 80 ml de-ionised water to remove salts. Iron was then eluted from the NTA columns using 10 ml of 1.5 M S.B. HCl. The eluate was collected in 15 ml PFA vials (Savillex), dried down and reconstituted in 0.5 ml 6 M S.B. HCl + 0.001% v/v H 2 O 2 , in preparation for a secondary purification step.
AG1-X8 anion-exchange resin with 100-200 dry mesh size (Bio Rad) was used to further purify Fe in the samples. Handmade polyethylene columns ($9 cm length and $0.4 mm diameter) were filled with the AG1-X8 resin and pre-cleaned once with 5 ml of 0.1 M ultrapure HF; four times filling the columns with 6 M S.B. HCl followed by 7 M S.B. HNO 3 then with 2 ml of 1 M S.B. HCl (all acids had a concentration of 0.001% v/v H 2 O 2 ). The resin was then conditioned with 1 ml 6 M S.B. HCl + 0.001% v/v H 2 O 2 before the sample was loaded onto the columns in 0.5 ml 6 M S.B. HCl + 0.001% v/v H 2 O 2 and rinsed using 3.5 ml of 6 M S.B. HCl + 0.001% v/v H 2 O 2 . Iron was eluted from the resin using 4 mL of 1 M HCl + 0.001% v/v H 2 O 2 and collected in a 7 ml Teflon vial. The procedural blank was estimated as 0.9 ± 0.3 ng Fe (n = 5) by taking deionised water through the entire procedure.
All purified samples were evaporated on a hotplate and re-dissolved in 1-2 ml of 0. Cr and 60 Ni were measured. There was no difference in data quality from these different introduction systems. Fe concentrations for isotope analysis were 200 ng/ml introduced at 75 ll min À1 using a PFA nebuliser. Analysis by MC-ICP-MS was conducted in 'high-resolution' mode using a high-resolution slit in order to resolve polyatomic interferences on 54 Fe, 56 Fe and 57 Fe. Sample analysis consisted of 50 repeat measurements of 4.2 s. A blank (the same 0.3 M S.B HNO 3 samples were dissolved in) solution was measured before and after every sample/standard, with 20 repeat measurements of 4.2 s. Sample and blank uptake time was 80 s. Wash time before each sample/standard was 60 s. The wash time before blanks was 300 s when using the Apex-Q and increased to 900 s when using the Aridus. The instrument was tuned until the mass resolution was >8000 with a plateau >200 ppm. The centre mass for measurements was 2/5ths along the length of the signal plateau and a sequence of standards were analysed before measuring any samples in order to assess instrument performance. 11 O resistors. Sequences were set up on the instrument with a standard bracketing approach in the repeating order reference material (IRMM), internal standard (ETH), Sample 1, Sample 2, with all solutions being a mix of sample/standard plus the double spike. The mean beam intensity of blanks bracketing each sample/standard is subtracted from the sample/standard analysis. Mass bias on sample/standard measurements is corrected for by iteratively deconvolving the spike-sample mix following the data reduction methodology of Bonnand et al. (2011) . 54 Cr and 58 Ni interferences were corrected based on beam intensity (Albarede and Beard, 2004 Ni/ 60 Ni equal to natural abundances (Dauphas et al., 2009) . Instrument accuracy was assessed by repeat measurements of IRMM-14 and Eidgenö ssische Technische Hochschule (ETH) Zü rich standards. The precision of Fe isotope measurements was ±0.07 ‰, 2 SD, based on repeat analysis of IRMM-14 (0.00 ± 0.07, 2SD, n = 40), samples (mean error ± 0.07, 2SD, from 2 repeats of n = 11 samples) and ETH standard (0.51 ± 0.07, 2SD, n = 32). To assess accuracy and precision of the entire method deionised water doped with the ETH standard and taken through the full procedure gave values of 0.52 ± 0.10 (2SD, n = 5). Both instrument and method analyses of the ETH standard were in agreement with the consensus value of 0.53 ± 0.06 (2SD, n = 6) (Levasseur et al., 2004; Poitrasson and Freydier, 2005; Teutsch et al., 2005; Lacan et al., 2008 Lacan et al., , 2010 .
All isotope values reported here are in delta notation relative to the standard reference material IRMM-14: 
3. RESULTS
Vent fluid composition
The mean temperature of vent fluids issuing from several different chimneys was 333°C, which is typical of black smoker type hydrothermal vents (Table 1) (Ishibashi, 1995) . Measured chloride concentrations were slightly higher than background seawater (540 mM), which is typical of vents in back arc basins (Gamo et al., 2006) . A vent fluid Mg content of 0.9-1.6 mM was highly depleted relative to a Scotia Sea bottom water concentration of 53.5 mM (James et al., 2014) , and showed that only a negligible proportion of background seawater (1.9-3.1%) was entrained with the vent fluid during sampling.
Concentrations of dFe, dMn, dCu, dZn and dV in the vent fluids were similar in all samples, with relative standard deviations (RSD) typically <8% of mean values. The RSD of Mg concentrations across all samples was higher (18%), but still only reflects minor seawater entrainments up to 3.1%, which result in negligible differences between observed values and predicted mean end-member element concentrations (Table 1) .
Hydrothermal end-member Fe and Mn concentrations of the 1.4-2.0 mM are relatively high compared to the global range measured for back arc basin vents of 0.4-6.8 mM for Mn and 0.02-1.7 mM for Fe (Ishibashi, 1995) , but comparable to end-member vent fluid concentrations reported previously for this site (James et al., 2014) . The endmember Cu concentration we observed (0.0396 mM) were also at the high end of previously reported values from vents in a back arc basin, which vary from 3 Â 10 À6 to 0.034 mM (Ishibashi, 1995) . Whereas Zn concentrations of 0.282 mM were intermediate in this respect, compared to values between 7 Â 10 À3 and 7 mM (Ishibashi, 1995) . Both Cu and Zn are approximately double the endmember values calculated previously of 0.146 mM and 0.0185 mM (James et al., 2014) indicating an increase of Zn and Cu in the three years between sampling.
The end-member molar ratio of chalcophile elements to Fe in the vent fluids was 0.028 for Cu/Fe and 0.201 for Zn/ Fe. In comparison to previous Fe isotope studies from hydrothermal vents, the Cu/Fe and Zn/Fe ratios at Dog's Head were higher than at Red Lion in the South Atlantic, which had ratios of <0.01 for Cu/Fe and 0.13 for Zn/Fe (Bennett et al., 2009 ). The ratios from Dog's Head were also much higher than those reported from Rainbow, in the North Atlantic, which were <0.01 for Cu/Fe and <0.01 for Zn/Fe (Douville et al., 2002) .
Herein we consider the plume sample with a dMn maxima of 11.2 lmol kg À1 collected directly above Dog's Head chimney (5 m) to be representative of the end-member ventfluid. Our assumption of TDFe conservation within 5 m of buoyant plume rise is supported by the in situ observations that particles do not attain settleable size within the immediate plume over the vent orifice (Cotte et al., 2015; Estapa et al., 2015) . Further, the d 56 TDFe of the plume sample that we assume to equate to the vent fluid had an Fe isotope composition of À0.31 ± 0.03‰ (Fig. 6b) , which is centred within the range of d
56
Fe values reported previously for vent fluids sampled from other sites of À0.69‰ to À0.13‰ (Sharma et al., 2001; Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009 ).
Buoyant plume detection
Negative anomalies in Eh and positive anomalies in temperature and LSS at a depth of 2600 m indicated that the buoyant plume was sampled by the CTD rosette very close to if not directly over the Dog's Head chimney, which is located at 2600 m depth (Fig. 2) .
The influence of other nearby venting edifices from E2 can be ruled out as they are not known to generate significant particulate plumes (James et al., 2014) .
Fe and Mn concentrations in the buoyant plume
Dissolved Mn (dMn) has been used as a nearconservative tracer of plume dilution in previous plume studies (James and Elderfield, 1996; Field and Sherrell, 2000) , as the oxidation rates of reduced Mn are considered to be negligible compared to the time scales of plume dispersal at our study site (Cowen et al., 1990) . The TDFe, dFe and dMn content of the buoyant plume was 2-3 orders of magnitude higher than background Scotia Seawater (Fe and Mn = 0.4 and 2.8 nM) (Loscher et al., 1997; Klunder et al., 2011; Hawkes et al., 2013) . The concentration of TDFe was 13.6 lmol kg À1 in black smoke above the hydrothermal vent and dropped to 0.49 lmol kg À1 during Table 1 Hydrothermal vent fluid composition at E2, Dog's Head. Temp. is the maximum temperature recorded during sampling from a temperature probe attached to the snorkel of the titanium sampler. (Fig. 3) . These elevated concentrations are further indication that the core of a particle rich hydrothermal plume was sampled and we assume that a negligible fraction of TDFe is derived from lithogenic particles. Similarly to TDFe, dFe concentrations decreased from 9.20 to 0.05 lmol kg À1 and were always less than the corresponding TDFe concentration (Fig. 3) . Dissolved Mn was 11.2 lmol kg À1 in near vent samples, and down to 0.6 lM in more dispersed samples further away from the vents. Dissolved Mn was consistently more abundant than dFe in the buoyant plume, where dFe/dMn ranged from 0.81 in near vent samples down to 0.07 in more distal samples, and was mainly lower than the mean vent fluid ratio of 0.69. The TDFe/dFe ratio ranged from 1.11 to 6.56 in the buoyant plume, with higher ratios in more dispersed samples reflecting a greater proportion of particulate Fe in the TDFe samples.
Sample aging within Niskin bottles
Metal concentrations in the 'dissolved' and 'Total Dissolvable' fractions represent their partition at the time of filtering rather than in the water column at the time of sampling. In the case of Fe, the formation of pFe from dFe is rapid enough that we must consider the likely artefacts that arise from the delay between sampling and filtering times. Samples were stored in the Niskin bottles for between 2 to 7 h before they were filtered. Samples were filtered in the order that they had been collected, to minimise the storage time before filtration.
Several samples were taken sequentially from two recovered Niskin bottles over a period of 24 h to study the rate of Fe precipitation within the sampling bottles and its influence on d 56 dFe (Fig. 4) . The measured dFe concentration in both samples decreased significantly over 24 h from 1160 nM to 27-37 nM, while TDFe concentrations were quasi-stable between 1350 and 1200 nM (Fig. 4a) . The stability of TDFe over time confirms only minor loss of TDFe from the system over time. This is likely to be the result of particles becoming trapped in or beneath tap fittings on the Niskin bottle. Following the approach of Field and Sherrell (2000) and Bennett et al. (2009) , the average Fe(II) oxidation half-life in the plume at E2 was calculated to be 3.67 h (supplementary information, Table S1 ). However, this may range from 1.45 to 5.63 h, if input parameters from background Scotia seawater (Hawkes et al., 2013) or samples taken directly over the vent chimney are used instead. Measured dFe concentrations in the two Niskin bottles were always higher than the Fe(II) concentrations predicted from Fe(II) oxidation kinetics (Fig. 4a) , which may result from a partial presence of Fe(III) oxyhydroxide nanoparticles or colloids in the dFe pool. In accord with dFe oxidation to Fe(III), d 56 dFe also decreased from À0.50‰ and À0.74 ± 0.05‰ to À6.30 ± 0.05‰ and À5.35 ± 0.08‰, compared to d 56 TDFe compositions of 0.32‰ and À0.10 ± 0.05‰.
A delay of 2 to 7 h between sampling and filtration corresponds to roughly one to two Fe(II) oxidation half-lives. Despite this, there was little change in Fe/Mn that would be expected if a significant amount of dFe was forming particulate Fe oxyhydroxides within Niskin bottles during sample recovery (supplementary information, Fig. S2 ). For the purposes of our discussion, we assume that any sample aging within the Niskin bottles is analogous to plume aging in the water column with the caveat that oxidation of Fe in the water column will occur more quickly as plume waters are continuously mixed with oxic seawater. Furthermore the dFe isotope composition can be compared to the mineralogical composition of pFe filtered from the Niskin bottles in order to assess how precipitation of Fe mineral particles influences dFe isotope composition and how this relates to the dFe isotope composition of the in-situ plume.
Hydrothermal particle composition
The mineralogy of hydrothermal particles can be examined indirectly using chalcophile elements that also form Table S1 ). It is also assumed that all TDFe was present as dFe at the time of sampling (t = 0), so predicted dFe concentrations are a maximum possible estimate. The predicted trends in d 56 dFe (dashed lines) assume dFe is comprised of Fe(II) and follows the same oxidation rates using a Rayleigh equation and fractionation factor of 1.0009 between ferrihydrite and Fe (aq) (Bullen et al., 2001) . sulphides, and the particle-reactive element vanadium (V), which is sensitive to scavenging by Fe oxyhydroxides. The oxyanion VO 4 H 2À is co-precipitated and scavenged at constant molar ratios by Fe-oxyhydroxides depending on the local phosphate concentration (Feely et al., 1998) and this relationship can be used to calculate the fraction of pFe present as Fe-oxyhydroxides.
Concentrations of particulate V (pV) and Fe (pFe) were positively correlated in the buoyant plume (r 2 = 0.955), for all but two of the highest concentration samples near the vent chimney (Fig. 5a) , indicating the widespread occurrence of Fe oxyhydroxides. The outliers in Fig. 5a also contained the highest concentrations of particulate chalcophile elements ( Fig. 5b and c) , suggesting that these particles contained significant Fe sulphides.
The ratio of pV/pFe in the E2 buoyant plume was 3.0 Â 10
À5
, and much lower in the sulphide dominated outliers (0.1 Â 10
). The pV/pFe ratio observed in other Atlantic hydrothermal plumes is highly variable, 1.0-30 Â 10 À5 (Feely et al., 1998; Bennett et al., 2009) , whereas similar values (2.9-3.0 Â 10 À5 ) are observed over the East Pacific Rise (EPR) and also Juan de Fuca Ridge (JdFR; 2.3-2.8 Â 10
) (Feely et al., 1998) . Thus the pV/pFe ratios measured in particles over E2 are more similar to plumes from the EPR and JdFR than sites in the Atlantic Ocean, perhaps indicative of the similarity of Fe particle-forming processes between these regions. Alternatively, such similarities could result from the V/Fe ratios in vent fluids from these regions, although variable input of V is not considered to have a significant effect on pV/pFe in the plume (Trefry and Metz, 1989) . Overall the strong correlation between pV/pFe suggests that the formation of Feoxyhydroxides is the main Fe particle forming process throughout the rising plume over E2. We observed higher ratios of pCu/pFe and pZn/pFe than previously observed in a hydrothermal plume. The E2 plume has pCu/pFe of 8-14 Â 10 À2 , compared to previous observations in the Atlantic and Pacific Oceans of 0.3-8 Â 10 À2 (Feely et al., 1994a; Edmonds and German, 2004; Bennett et al., 2009; German et al., 1996; James and Elderfield, 1996) . Particulate Zn was also enriched with respect to pFe at E2, where pZn/pFe was 19-310 Â 10
À2
, compared to 0.1-29 Â 10 À2 from Atlantic and Pacific Ocean sites (Feely et al., 1994a; Edmonds and German, 2004; Bennett et al., 2009; German et al., 1991) . The abundance of chalcophile elements at E2 means they serve as a particularly sensitive indicator of sulphide precipitation in the near vent region of the buoyant plume to support our interpretation of the Fe particle forming processes during plume mixing and dispersal.
Fe isotope composition of TDFe and dFe
Dissolved Mn concentrations can be used to trace the dilution of hydrothermal vent fluids by seawater because its behaviour is quasi-conservative on the time-scales of plume rise, except for a minor amount of scavenging to Fe oxyhydroxide particles (Cowen et al., 1990; James and Elderfield, 1996; Field and Sherrell, 2000) . In general, as the plume becomes more dispersed (and hence the dMn (Fig. 6b) (Fig. 6b) . D 56 Fe d-TD ranged from À0.11 ± 0.04 in the vent-proximal plume to À2.13 ± 0.07‰ in the dispersed plume (Fig. 6c) . Hence the degree that Fe isotopes were fractionated between dFe and TDFe samples was also a function of plume dispersal.
DISCUSSION
Fe(II) oxidation and isotope fractionation in the buoyant plume
The main processes that removes dFe from hydrothermal plumes is the precipitation of Fe-sulphides followed by the oxidation of Fe(II) to Fe(III), where the resultant TDFe values of vent fluids measured in previous studies (Sharma et al., 2001; Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009 ). The black line represents the d precipitation of Fe sulphides and oxyhydroxides will contribute to the pFe and TDFe phases. Precipitation of Fesulphides is the dominant process in the first 10 0 s of metres of plume rise where sulphide concentrations are saturated. As the plume rises 100 0 s of metres sulphide becomes under saturated and Fe oxyhydroxide formation is the dominant mineral precipitation pathway. Redox transformations impart a significant isotopic fractionation to Fe (Bullen et al., 2001) , hence the oxidation of dissolved Fe(II) is expected to be a key process controlling the isotope composition of dissolved and particulate Fe fractions in hydrothermal plumes.
The rate of Fe oxyhydroxide formation in a plume is controlled by the production of Fe(III) from Fe(II) supplied from the highly-reducing vent fluids. Fe(III) forms Fe oxyhydroxide colloids (<0.2 lm), which subsequently aggregate to form Fe oxyhydroxide particles (>0.2 lm) that are collected on the filter during filtration (Schwertmann et al., 1999) . Experimental and theoretical studies show that oxidation of Fe(II) (aq) favours production of isotopically heavier Fe(III) (aq) (Bullen et al., 2001; Welch et al., 2003; Anbar et al., 2005; Wu et al., 2011b) . Precipitation of Fe (III) (aq) as Fe oxyhydroxides also favours the heavier isotopes of Fe via a kinetic isotope fractionation mechanism, which depends on the rate of mineral precipitation (Skulan et al., 2002) and the exchange of Fe on the mineral surface (Icopini et al., 2004; Teutsch et al., 2005; Mikutta et al., 2009 ). Due to rapid equilibration between Fe(II) (aq) and Fe(III) (aq), within 150-300 s (Welch et al., 2003) , and the instability of Fe(III) (aq) , we expect the oxidation of Fe (II) (aq) to contribute isotopically heavier Fe oxyhydroxides to the pFe fraction leaving the remaining Fe(II) in the dFe fraction isotopically light.
The assumption of an entirely ferrous and aqueous dFe fraction, however, is a simplification of reality. In the 24 h plume aging experiment, we recorded a slower drop in dFe concentration over time than predicted by the oxidation kinetics of Fe(II) (Fig. 4a) . Additionally, the range of oxidation half-lives calculated throughout the plume (supplementary Information, Table S1 ) is slow compared to previous observations from the Atlantic Ocean, which ranged from 17 to 27 min (Field and Sherrell, 2000) , meaning our reported discrepancy between observed and predicted dFe is probably conservative. Clearly, the assumed aqueous Fe(II) oxidation to form particulate Fe oxyhydroxides is unable to fully account for our observed concentrations of dFe.
Recent work has shown that 80% of the dFe in a hydrothermal plume over the MAR was indeed present as Fe(II) , however up to 82-96% of dFe was present as colloids (Fitzsimmons et al., 2015) . Previous work on the E2 plume has also shown that 47 ± 26% of Fe is present as colloids and 7.5% of all hydrothermal Fe is stabilised by organic ligands (Hawkes et al., 2013) . Therefore, using the Fe(II) oxidation half-life from the bottle experiments we can reason, that Fe(II) (aq) was likely to represent just 50-63% of the initial dFe measured in our bottle experiments (Fig. 4a) . We therefore suggest that the dFe comprises of a mixture of aqueous Fe(II), Fe complexed by organic ligands, and colloidal Fe(III) oxyhydroxides.
Nonetheless, we found d
56 Fe of dFe in our 24 h bottle experiments to be similar to the Fe isotope composition predicted from the Rayleigh equation and fractionation factors attributable to Fe oxyhydroxide formation after Bullen et al. (2001) (Fig. 4b) . A good fit to the Rayleigh equations indicates any Fe sulphide nanoparticles or organic ligands present in the dFe pool were apparently of little significance for shifting the isotopic composition of dFe in the early plume samples used in these experiments at E2.
TDFe isotope composition and FeS 2 precipitation in the buoyant plume
Values of d
56
TDFe represent the mass balance of both dissolvable particles and dissolved fractions in the water column. Therefore, d
TDFe is insensitive to internal isotope fractionations between dFe and pFe pools, unless one of these pools is physically separated from the other. In this instance, d
56 TDFe will reflect the revised isotopic composition of its modified mass. Physical mixing processes in the plume are capable of inducing changes to d 56 TDFe, e.g., loss of pFe from the buoyant plume by particle aggregation and gravitational settling or more complex dispersion of particles according to their densities within the buoyant plume. A loss of isotopically light pFe from the buoyant plume is required to explain our observed values of d 56 TDFe, which become isotopically heavier relative to the plume source during dispersal (Fig. 6b) . Iron oxidation does not explain the Fe isotopic trends, but low temperature experimental studies demonstrate there is a kinetic isotope fractionation during Fe sulphide precipitation, which favours reaction with lighter Fe isotopes (Butler et al., 2005; Polyakov et al., 2007; Rouxel et al., 2008) , and produces isotopically light Fe sulphide particles. Large (>20 lm) Fe sulphide aggregates (Mottl and McConachy, 1990; Feely et al., 1994c; Yucel et al., 2011; Carazzo et al., 2013) are more likely to settle out of the water column during buoyant plume rise and remove isotopically light pFe to nearby sediments. An increase in d 56 TDFe with dispersion could theoretically be driven by the uptake and segregation of light isotopes from the plume by settling biogenic particles (Ellwood et al., 2015) . We do not know the abundance or settling rates of such biogenic material in the water column at E2, but in the vent-proximal context of our plume samples, we expect the fraction of pFe associated with biogenic particles to be small compared to that of FeS 2 (Rouxel et al., 2016) . Furthermore, FeS 2 is expected to settle more rapidly than biogenic material due its greater density, and therefore provides a more plausible means of segregating Fe isotopes from our closely spaced plume samples for 56 TDFe at E2. The fraction of pFe present as sulphides and oxyhydroxides can be estimated from the relationship between pV/pFe and dissolved phosphate (Bennett et al., 2009 ) in order to re-construct how the change in sample composition influences d 56 TDFe. Dissolved phosphate scavenges onto Fe oxyhydroxides at constant molar ratios (Feely et al., 1996; Sands et al., 2012) . The concentration of dissolved phosphate in the East Scotia Sea is 2.15 lM (Hawkes et al., 2013) . Using the linear relationship in Feely et al. (1998) an expected P/Fe ratio of 0.16 can be calculated. The inverse relationship between P/Fe and V/Fe in Feely et al. (1998) ), which are offset by the lightest d 56 dFe values. Samples taken in the black smoke of the hydrothermal plume using the ROV Isis had an average pX FeS 2 of 0.31 ± 0.03 (n = 4) ( Table S4 ) when normalised to TDFe concentrations. This suggests that in the early stages of buoyant plume rise 31% of the Fe from the hydrothermal vent precipitates as FeS 2 . Assuming that most of this FeS 2 is removed by settling to sediments, the isotopic fractionation can be calculated using the Fe isotope fractionation factor of a FeS-Fe(II) 0.9992 from Butler et al. (2005) . The removal of 31% of the initial TDFe in the vent fluid as FeS 2 would shift the vent proximal plume from d 56 TDFe À0.31 ± 0.03‰ towards d 56 TDFe of 0.06‰. We find this predicted value to be broadly intermediate to the range of observed d
56 TDFe values in the buoyant plume (À0.31 ± 0.03‰ to 0.78 ± 0.05‰) (Fig. 6b) . In summary, the d
TDFe of the plume generally shifts towards heavier values, which are dependent on the balance between the amount of particulate FeS 2 and FeOOH. Isotopically light FeS 2 particles are denser than FeOOH and therefore more likely to settle out of the water column faster as the plume is dispersed. As a result the d 56 TDFe of the plume becomes isotopically heavier relative to the vent source.
Isotope composition of dFe and effects of Fe oxyhydroxide precipitation
The presence of Fe oxyhydroxides in particulate samples (Eq. (2)) is used to evaluate controls on d 56 dFe in the buoyant plume during mixing and dispersal. Our buoyant plume samples will represent both lateral and vertical patchiness inherently attributed to the rapid and dynamically mixing plume environment. As such, even simple and welldefined reaction pathways are likely to be observed with a degree of scatter in vertical transects derived from in-situ hydrothermal plume sampling. Nonetheless, the wide range of pX FeOOH (<0.05 to >0.95) indicates sampling by the ROV Isis successfully resolved the onset and almost full extent of particle formation and the corresponding influence on d 56 Fe during buoyant plume dispersal. The decrease in d 56 dFe (À0.41‰ to À1.98‰) accompanied by increasing pX FeOOH (Fig. 7) is consistent with the decreasing d 56 dFe during plume dispersal as described by dMn (Fig. 6b) , where more dispersal equates to longer timescales of oxidation and the formation of more Fe oxyhydroxides. We evaluate the trend in decreasing d 56 dFe using a Rayleigh equation and the a ferrihydrite-Fe(aq) value of 1.0009 calculated from experiments by Bullen et al. (2001) , and derive three mineral precipitation scenarios for comparison to our observations presented in Fig. 7 .
In the first scenario (Eq. (4)), precipitation of Fe oxyhydroxides from the vent source (d 56 vFe) provides a reasonable fit to the lower bounds of d 56 dFe observed (Fig. 7) . The second scenario provides an improved fit to the observed data. In the second scenario d (5) and (S2)). These comparisons suggest that the early and partial removal of isotopically light dFe to Fe sulphides is needed to account for our observations of d 56 dFe at E2. In the third scenario (Eq. (6)), we also consider the influence of FeS 2 nanoparticle formation and conservation in the plume, which might also be analogous to other kinetically stable forms of dFe. Scenario three assumes the same sulphide and oxyhydroxide reactions as scenario two. Fe isotopes are also fractionated as they are in scenario two, however, a portion of dFe is now present as stable FeS 2 nanoparticles (fnanoFeS 2 ) with a d 56 dFe between À0.09‰ and À0.79‰ (d 56 nanoFeS 2 ). These values were chosen as À0.09‰ was the isotope composition calculated from mass balance of d 56 TDFe and d 56 dFe in the near vent sample where the pFe was entirely FeS 2 particles (Fig. 6a) and À0.79‰ the FeS 2 isotope composition expected from kinetic fractionation of the vent fluid end-member value of À0.31‰ with 31% pyrite formation. This range is within the breadth of d
56 Fe values measured for pyrite in high temperature and low temperature hydrothermal samples (Bennett et al., 2008; Rouxel et al., 2008) . Given that the mechanics of FeS 2 nanoparticle formation are not fully understood this range covers the possibility that FeS 2 nanoparticles may have a d 56 Fe that reflects equilibrium fractionation as a result of formation at high temperature at the point of venting (Rouxel et al., 2008; Syverson et al., 2013) or a d 56 Fe that reflects low temperature kinetic fractionation (Bennett et al., 2009) .
In scenario three (Eq. (6)), the fraction of dFe present as FeS 2 nanoparticles is set to increase from 1% to 99% with plume dilution to mimic the buoyant plume evolution as larger particles settle out of the water column. In the early stages of mixing, FeS 2 nanoparticles represent a small fraction of dFe (fnanoFeS 2 = 1% of dFe), but as Fe minerals continue to precipitate from the dFe pool and settle out of the plume, eventually only the stable FeS 2 nanoparticles remain (fnanoFeS 2 = 99% of dFe). The isotope composition predicted by scenario three forms an envelope which is isotopically heavier than most of the measured d 56 dFe values (Fig. 7) , yet it provides a good description of the upper bounds of d 56 dFe values in the buoyant plume, and suggests the partial presence of FeS 2 nanoparticles may account for the deviations towards heavier values of d 56 dFe than predicted in scenario two. We therefore favour scenario 2 as the best explanation of Fe isotope fractionation in the plume with the caveat that deviations from this line maybe caused by the presence of stabilised forms of dFe, adsorption of dFe onto particles or biological Fe uptake. For a more detailed description of the fractionation scenarios the reader is referred to the Supplementary information.
Consistent with experimental work (Bullen et al., 2001; Welch et al., 2003; Butler et al., 2005) and the isotope composition of particulate Fe in hydrothermal plumes (Severmann et al., 2004; Bennett et al., 2009) TDFe is isotopically heavier due to the preferential settling of isotopically light Fe sulphide minerals from the TDFe pool during plume dispersal ( Fig. 6a and b) . This means that after the isotope composition of the vent fluid is offset by FeS 2 precipitation, the isotope composition of dFe exported from the plume is largely dictated by the extent to which Fe oxyhydroxide particles form. Due to the amount of scatter in measured dFe isotope composition relative to the modelled fractionation curves it cannot be said definitively whether complexation of dFe by organic ligands or the formation of nanoparticles have an influence on d 56 dFe. Based on the residuals of d 56 dFe relative to calculated fractionation lines (scenario 1 and 2 in Fig. 7 and Fig. 4b ), between 14% and 27% of the Fe isotope fractionation may result from the formation of nanoparticle/ ligand complexed species and/or re-dissolution of particles relative to the overall effect from Fe oxyhydroxide and pyrite formation.
dFe exported to the neutrally buoyant plume and deep ocean
Trends in d 56 dFe in this study are best explained by precipitation of Fe sulphides and Fe oxyhydroxides in the buoyant plume (scenario two, Fig. 7 ). This suggests that the formation of Fe sulphide particles has an influence on the d Fe of pFe in buoyant plumes studied previously ranges from À0.31‰ to À0.7‰ for pFe sourced from the Red Lion vent (Bennett et al., 2009 ) and 0.24-1.28‰ for pFe sourced from the Rainbow hydrothermal vent (Severmann et al., 2004) . In both cases the d 56 pFe was heavier than the d 56 dFe measured in this study which is in the range À0.13‰ to À2.39‰. Red Lion and E2 can be compared directly due to the similarity in the isotope composition of the vent sources (E2 = À0.31 ± 0.03‰ and Red Lion = À0.29 ± 0.05‰).There was some overlap between the d 56 dFe results of this study and d 56 pFe measured by Bennett et al. (2009) (4)). Scenario 2 (black solid line) is the same as 1 except a source composition of 0.06‰ that accounts for removal of 31% of the vent fluid Fe as FeS 2 particles (see Section 4.2) (Eqs. (5) and (S2)). Scenario 3 (grey shaded area) is calculated from mass balance assuming that Fe isotopes are fractionated the same as in scenario 2 but a fraction of dFe is present as stabilised dFe with an isotope composition of À0.09 to À0.79. Stabilised dFe is initially only 1% of dFe but as pX FeOOH increases and dFe (III) is consumed by production of pFeOOH the inert stable dFe fraction increases to 99% of dFe (Eq. (6) (Conway and John, 2014 ) in a hydrothermal plume over the TAG vent field, which was lighter than the TAG hydrothermal vent fluid d 56 dFe of À0.15 ± 0.03‰ (n = 3) (Severmann et al., 2004) . These observations of isotopically light dFe are in agreement with our findings of isotopically light hydrothermal dFe relative to the bulk silicate earth. Our data shows a greater range of values than the ocean section data, due to the greater sampling resolution of the hydrothermal plume in this study where for d 56 dFe (n = 17). Using a mass balance approach and a hydrothermal plume end-member of À1. 35‰ Conway and John (2014) estimate that 2.3% of dFe is derived from TAG in this N. Atlantic transect. The controls on plume Fe isotope fractionation revealed from the results presented in this study indicate that given the isotopically heavier vent fluid of TAG, the isotopically light hydrothermal plume endmember used to explain hydrothermal d 56 dFe in the N. Atlantic is the result of Fe oxyhydroxide precipitation in the buoyant plumes of the N. Atlantic (Conway and John, 2014) .
The difference between the range of d 56 dFe from the E2 plume and the N. Atlantic (Conway and John, 2014 ) cannot be explained by differences in Fe/H 2 S, (0.2 for E2 -Dogs Head and 1.5 for TAG) as higher Fe/H 2 S for TAG should result in a larger portion of Fe precipitating as Fe oxyhydroxides, driving d 56 dFe towards values lighter than that of the E2 plume. Alternatively the difference in the range of d 56 dFe observed between the two sites could be explained by the higher Cu/Fe (0.028) and Zn/Fe (0.02) ratios in the Dogs Head vent fluid, relative to those of vents found on the MAR (0.005, 0.01 and 0.006-0.13) (German et al., 1991; Edmonds and German, 2004; Bennett et al., 2009 (Bullen et al., 2001; Butler et al., 2005) , an estimated plume rise time and the calculated Fe(II) oxidation half-life (supplementary information Tables S1 and S4). The plume rise time is important as this dictates the amount of time for vent fluid Fe(II) to be oxidised to Fe(III) in the buoyant plume. Speer and Rona (1989) calculated that the rate of plume rise for both Pacific and Atlantic hydrothermal plumes was 0.1 m s À1 . Assuming this is also the same at E2, which rises 245 m (Fig. 2) , a rise time of 0.68 h can be estimated. Using the Fe(II) oxidation half time calculated for Scotia Sea deep water (1.38 h, supplementary information, Table S1 ) we calculate 71% of dFe may still be present as Fe(II) when the hydrothermal plume reaches a height of neutral buoyancy. If 31% of ventderived dFe is precipitated as Fe sulphide particles during BP rise (as described in Section 4.2), a residual 69% of vent-derived dFe remains as dFe(II). From our Fe(II) NBP calculation 29% of the remaining vent derived dFe is oxidised to Fe(III) during plume rise a large fraction of which is removed from the dissolved fraction by formation of Fe oxyhydroxide particles with potentially a small amount persisting as colloids.
Using the Rayleigh equations and fractionation factors from scenario two (Fig. 7) we predict that the in-situ d 56 dFe supplied to the NBP will have a d 56 dFe composition of À0.28 ± 0.17‰ (represented schematically in Fig. 8 ). Our predicted d 56 dFe is similar to the d 56 TDFe of the vent proximal plume of À0.31 ± 0.03‰ as the processes of Fe sulphide and Fe oxyhydroxide formation have opposing, and in this instance, largely balanced effects during the course of BP dispersal. Such balanced isotopefractionation processes may not occur in other ocean basins and at different vents where the extent of Fe sulphide and Fe oxyhydroxide formation will vary. Furthermore, continual physiochemical processing of iron in the NBP may impart further changes on the isotope composition of iron in the dissolved pool.
We consider the implications of Fe-sulphide and Feoxyhydoxide authigenesis on the dissolved iron isotope composition of other hydrothermal vents. Following our treatment of the E2 plume, the d 56 dFe of the NBP for Rainbow and TAG (N. Atlantic), Red Lion (S. Atlantic) and 9-10°N (E. Pacific) are estimated to be À1.37 ± 0.22‰, À0.73 ± 0.77‰, À0.30 ± 0.25‰, 0.36 ± 0.84‰ respectively. the similarity to their hydrothermal end-members of these estimates varies between sites (d 56 dFe of À0.14 ± 0.09‰, n = 10, À0.15 ± 0.07‰, n = 3 (Severmann et al., 2004) ; À0.29 ± 0.10‰, n = 6 (Bennett et al., 2009 ); À0.40 ± 0.14‰, n = 7 (Rouxel et al., 2008 ) (supplementary information, Table S4 ). These predicted NBP d 56 dFe may become isotopically lighter with continual aggregation of isotopically heavy colloidal Fe oxyhydroxides during long distance (1000 0 s of km) export of the plume into the deep ocean.
Further, pronounced changes in the authigenic mineral sinks of Fe released from hydrothermal vents may have occurred during perturbations in ambient ocean redox chemistry of the past ocean. These changes may be reflected in the d 56 Fe of hydrothermal sediments.
CONCLUSIONS
Published studies of Fe isotopes in hydrothermal plumes have only determined the isotope composition of pFe, which is expected to eventually settle out of the water column to hydrothermal sediments. The conclusion of previous studies was that Fe isotopes are fractionated during particle precipitation in the dispersing plume, which alters the plume d 56 pFe relative to the hydrothermal source.
In (Bennett et al., 2009 ). This is because Bennett et al. (2009) Field and Sherrell (2000) . Shapes represent mineral particles of FeOOH (grey) and FeS 2 (black). Arrows with fractionation factors (a) are associated with mineral particles of the same colour. Fe/H 2 S values represent the global range and the amount of FeS 2 precipitating is dependent on this (Mottl and McConachy, 1990; Rudnicki and Elderfield, 1993; Douville et al., 2002; Severmann et al., 2004; Bennett et al., 2009 ).
At the E2 hydrothermal site, d 56 dFe supplied to the neutrally buoyant plume has an inferred Fe isotope composition that is coincidentally isotopically similar to that of the initial hydrothermal vent fluid. If the balance of sulphide and oxide formation changes then the net impact on the iron isotope composition will shift accordingly. This study highlights the need to resolve Fe isotopes fractionation at the boundary between the ocean and Fe source regions as the isotope signature of the Fe exported from the source can be dramatically altered from its source isotope composition upon entering the ocean. This is an important consideration for the mass balance of Fe in the modern ocean and for using Fe isotopes to infer changes in the Fe cycle throughout past Earth history.
